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Abstract. The Leggett and Garg Inequality (LGI) is a test of the classical behaviour 
of an observed system, in the case of a single measurement channel monitored at 
different times. Here we report LGI violation in cognitive tasks consisting in the 
identification of mutually incompatible binary words with negligible semantic content; 
the violation is maximal at an inter-measurement time t^g around 2 sec with inter- 
subject differences. This time is close to, but consistently lower than, the characteristic 
times associated with other, semantically rich, linguistic endeavors. The LGI violation 
persists over a time window of 1 sec around tlg', outside this window LGI is recovered. 
The universal occurrence of t^g in linguistic transactions suggests that a quantum 
dynamics might speed up the search in a semantic space. Implementing such a search 
in terms of synchronization of neural spikes and considering the associated quantum 
aspects, we evaluate a decoherence time very close to tlg- 
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1. Introduction 

A Bell-type experiment consists of the comparison of data collected simultaneously in 
different locations pQ. Leggett and Garg[2] have introduced an equivalent time dependent 
inequality (Leggett Garg Inequality LGI) in the case of a single measurement channel 
monitored at different times. Several violations of LGI in microscopic physics have 
been recently reported[3l HI [5]. LGI is based on two assumptions, both necessary, 
namely, macrorealism and non-invasive measurement (NIM). In cognitive tasks, there 
are instances where NIM is not a valid assumption; in such cases one should expect 
LGI violation. Here we report LGI violation in cognitive tasks consisting in the 
identification of mutually incompatible words with negligible semantic content; the 
violation is maximal at an inter-stimulus time tlg close to, but consistently lower than, 
the characteristic times associated with other, semantically rich, linguistic endeavors. 
The LGI violation persists over a time window of 1 sec around t lg ; outside this window 
NIM holds. 

There are two different human cognitive tasks occurring on different times, namely, 

i) apprehension, whereby an incoming sensorial stimulus (bottom up) combined 
with a memorized (top down) interpretation yields a coherent perception, that manifests 
itself in a motor reaction or in a linguistic utterance; an apprehension requires a time 
from a few hundred millisec up to around one sec; 

ii) judgment, whereby a piece of a linguistic text (literary, musical, or figurative) is 
compared with a previous one in order to infer a comparison; a judgment requires a 
time around 3 sec. 

The apprehension is common to humans and other animal species; it is intensively 
investigated in search of the so-called NCC (neural correlates of consciousness) 
[6j [7]. Apprehension is associated with synchronizations of the gamma band neuronal 
oscillations in distant cortical areas [81 191 [10] . 

Without entering the neuronal details, apprehension can be visualized at a global 
level, in terms of a Bayes formula, whereby the bottom up stimuli represent the incoming 
data, and the top down neural perturbations represent the interpretative model. In 
presence of the sensorial stimuli, one formulates a set of prior hypotheses, and the 
apprehension results as the posterior hypothesis that drives a motor response. Repeated 
apprehensions keep this Bayesian structure; a sequence of them is then Markovian, in 
the sense that a previous apprehension does not affect in a structural way the next one 

mm- 

On the contrary, in the judgment, the most recent piece is strongly affected by the 
previous one, recalled by the memory. Think for instance of the seventh verse of a poem 
that acquires a meaning as it is compared with the sixth verse; the same can be said 
for two successive measures of a musical composition. Judgment entails a developed 
language. 

Apprehensions and judgments have been associated, respectively, with a Bayes 
inference and with an inverse Bayes inference [T3l [H] . These last references discuss also 
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the two associated times, namely, around 1 sec for apprehension [HI [8] and around 3 
sec for judgments. The 3 sec intervals in the judgment operations had been suggested by 
the extensive analyses of this cognitive time provided by Ernst Poeppel [15J, [16J H7J [18] . 

At variance with the apprehension, the judgment is strongly contextual; this 
suggests that judgments should violate the LGI. 

The question of quantum aspects in cognitive endeavours has already been faced 
with reference to words of the current language [121 |2U] • Very recently, the failure of the 
Bayesian approach to account for order effects in inference and the consequent resorting 
to a quantum probability account has been addressed |21j . However, these approaches 
depend heavily on strong assumptions on the semantic values of the chosen words. 

2. Results 

To avoid any semantic bias, we rely on the most elementary lexicon, namely, a sequence 
of binary words with negligible semantic flavour. Precisely, we expose fourteen normal 
subjects to a balanced presentation of a Necker cube [22], [23], a wire frame cube with 
no depth cues, and request to press two different buttons, depending on the cube face 
perceived as the front one, anytime a short audio signal alerts the subject (figjlj). 

The simplest form of the LGI derives from examining a system that has only two 
possible states, to which we attribute respectively measurement values Q — ±1. The 
key here is that we have measurements at two different times, and one or more times 
between the first and last measurement. The simplest example is where the system 
is measured at three successive times t± < £2 < £3- For instance, the correlation C13 
between times t\ and t$ for N realizations of the experiment, reads 

1 N 

iV r=l 

We define K as K = C\ 2 + C23 — Ci 3 . In terms of actual measurements Q's, K is given 
by 

1 N 

k =m £(G(*i)G(*2) + Q(h)Q(h) - Q(h)Q(t 3 )) 

For every realization r, the term in the parentheses must be less than or equal to unity, 
so that the result for the sum is also less than (or equal to) unity. Thus the three time 
LGI is 

K < 1 

In the derivation, it has been assumed that the quantity Q, representing the state of 
the system, always has a definite value (macrorealism per se) and that its measurement 
at a certain time does not change this value nor its subsequent evolution (noninvasive 
measurability) . A violation of LGI implies that at least one of these two assumptions 
fails. 

In fig|2] we report K versus the inter-stimulus interval (ISI) t 2 — h — £ 3 — t 2 for 
fourteen subjects. For each subject, successive presentations of the sequence of fig|T]are 
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Figure 1. a) The Necker Cube b) Experimental procedure. Sequence of three 
successive presentations of the Necker cube (represented as square pulses, lasting 0.25 
sec each) separated by time intervals t 2 — t\ = t 3 — t 2 , adjustable from 1 sec up. The 
vertical arrows denote a sharp acoustic signal acting as a stimulus that demands the 
subject to press either button corresponding to the perceived front face of the cube. 
The circles denote the presentation of the cube in the absence of the acoustic signal. 
The three sequences correspond to C12, C23 and C13 respectively. The sequences are 
repeated after a time much longer than ti — t\. The time-sliced presentations of the 
Necker cube do not really affect the results here presented; in fact even a continuous 
presentation of the Necker cube provides similar results. 



separated by a blank time of 5 sec, well above the maximum ISI explored. In figJTJthe 
time duration of each cube presentation is 0.25 sec. One might guess that the timing is 
ruled by the acoustic warning signals (arrows of figjl]) and the flashed presentation of the 
cube does not matter. In fact, we have tested also with a continuous presentation of the 
cube; however, in such a case all subjects yield K values consistently below 1 and located 
between 0.5 and -1.5, without any correlation with the ISI interval. The same result (no 
violation of LGI) was obtained with another bistable figure, the rotating sphere [24], 
with continuous presentation. Indeed , if we aim at testing a linguistic performance for 
a sequence of binary words, the words must be presented sequentially 

Due to the fact that every subject could have a different decoherence time we 
have created a meta-subject response aligning the peaks at a time t — and plotting 
the averaged Ks for negative and positive time separations from the peak tlg • The 
violation of LGI is statistically significative at the peak(Figj3|). In Fig E] we plot the 
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Figure 2. K values corresponding to the six selected interstimulus intervals for each of 
the fourteen subjects that participated to the experiment. The correlation Gyx results 
as a sum of products Ql * Q2, similarly for C 2 3 and C13 . By these data introduced 
into Eqs. (1) and (2), we evaluate K for each ISI. 



statistical distribution of tlq for the fourteen subjects. 



3. Why tlc- qualitative explanations and a quantum model 

We elaborate on this LGI violation around 2 sec. A very striking new fact is that the 
peak tlg of LGI violation is close to the maximal value of the statistical distribution 
of pauses in several linguistic endeavors, as e.g. the sequence of pauses in declaiming a 
poem (fig [5^) or performing a musical piece(fig^|D). 

From the neuroscientific side, no attempt has been made to tackle the sharp 
discrepancy between apprehension times, for which several NCC have been devised [B] 
and the judgment times necessary to build meanings out of sequences of consecutive 
linguistic passages. Besides the reports by Poeppel [T5], HS1 EES HE], this issue has 
been exclusively dealt with by philosophers, without reaching a common consensus (see 

Let us speculate about the time location tlg of the maximal LGI violation. We here 
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Figure 3. X values in correspondence of the six tested interstimulus intervals. 
These values have been obtained by pooling data from each observer into a unique 
meta-observer. The data are also pooled around the peak time, here denoted as t = 0. 
The error bar is the variance. LG violation is statistically significative at the peak. 
The horizontal straight line at K = 1 is the upper boundary imposed by LGI. c) 
Distributions t^q of the maxima of K (Fig. 1). t^q is peaked at 2 seconds and lasts 
about 1 second. 

formulate a tentative hypothesis: since t^g corresponds to the maximal perturbation 
that a word exerts on a later word (maximal deviation from NIM), then the human 
linguistic processing is organized so that t lg is the most appropriate coupling time 
between two successive groups of words. A time window of about 1 sec surrounds tlg] 
it represents the interval over which LGI is violated. Our cognitive abilities seem geared 
in such a way that in that interval NIM is suspended and two adjacent groups of words 
within that window interact in a non-Bayesian way [13] . Away from that window, that 
is, for shorter and longer separations of word groups, a classical Bayesian strategy [TljlT2] 
applies. This holds for any linguistic endeavor. Figs |5^) and b) offer two examples of 
statistical distribution of pauses in the word or note flow. In both cases, the statistics 
have a maximum around 3 sec. We hypothesize that, in order to make sense of a text, 
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Figure 4. Distributions t^g of the maxima of K (FigjlJ. r LG is peaked at 2 seconds. 

two successive verses of a poem or measures of a symphony must be separated by a 
time of the order of t^q. We extend this hypothesis to figurative art and claim that 
we expect that appreciation of a painting or sculpture requires a grouping of the whole 
texture into small lumps visited separately by a discrete sequence of eye fixations, with 
a time separation tlg between successive ones. That the appreciation of a whole picture 
is not instantaneous but composed of discrete successive steps is known since 1971 [27]. 
However, no timing meter was available at that time. More recent investigations on 
painting displays have isolated specific cases in which the time separations of successive 
fixations of a scanpath are around 4 sec. [28J. 

The individual lumps (word groups in a literary text, note groups in a musical 
text, small areas in a figurative text) generate timeless perceptions by themselves and 
the time separations from one to the next are the relevant ones in the LGI test here 
discussed. 

It remains to explain why t^q in the above mentioned semantic tasks is close, 
but consistently larger, than that reported in our tests. We put forward the following 
tentative explanation. LGI violation is a strategy to correlate successive linguistic 
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Figure 5. a) Time distribution of pauses in a poetical text (Dantes Comedy, Canto 
XXXIII of Inferno, played by the speaker Roberto Benigni); b) Time distribution of 
pauses in a musical text (intervals in the first movement of Beethovens Fifth Symphony, 
interpreted by the Symphonieorchester des Bayerischen Rundfunks directed by Leonard 
Bernstein). The gray lines are Gaussian fits of the data points of a single subject. It 
results: a) mean=3.63 sec; standard deviation=1.15 sec; b) mean=3.18 sec; standard 
deviation=0.5 sec. No appreciable differences of means and standard deviations occur 
for different listeners 



lumps one another, overcoming (or, better to say, re-adjusting) the emotional arousal 
that each piece provokes by itself. Our cognitive abilities seem to be geared for two 
different tasks, namely, i) within the single lump, make the best use of the incoming 
sensorial information (apprehension) and ii) combine the current apprehension with 
the correlation to the apprehension of a previous lump of some linguistic sequence 
(judgment). The two tasks may interact with different weights depending on the 
semantic content of the sequence we are exposed to. Task ii) corresponds to an invasive 
measurement, hence it implies violation of LGI. The t^q measured by us in a sequence 
with no semantic content provides the first experimental evidence of mechanism ii). 

After these qualitative considerations, we develop a quantitative approach that 
leads to considering r LG as the decoherence time of a quantum process. 

From a neuroscientific point of view, the achievement of a concordance between 
two successive pieces of a linguistic text amounts to stating that the working memory 
has selected an interpretation of the previous piece whose neural code (i.e. temporal 
spike sequence) is adequately synchronized with the second piece. It follows that a 
linguistic interpretation is just the most appropriate selection of the meaning of the 
first piece in order to fit the second one. We hypothesize that the exploration of the 
different meanings (i.e. spike sequences) stored in the working memory is speeded-up 
by a quantum mechanism. 

The quantum features associated with neural synchronization dynamics have been 
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explored in the past years [29], [301 ED E2] ; the main results are reported here. Taking 
into account that each spike lasts about 1 ms, that the minimal interspike separation is 
3 ms, and that the decision time can be estimated as T w 200ms, we can split T into 
200/3 ~ 66 bins of 3 ms duration, which are designated by 1 or depending on whether 
they have a spike or not. Thus the a priori total number of different messages which 
can be transmitted is 

M = 2 66 « 6 x 10 19 . 

However, we must account also for the average rate at which spikes are processed in 
our cortex brain, (so called 7 band centered at 40 Hz, average interspike interval of 25 
ms). When we account for this rate we can evaluate a reduction factor 0.54 in the bin 
number [33], thus there are roughly 10 11 words with significant probability. 

Suppose now that we expose the cognitive agent to fast changing scenes, by 
presenting in sequence frames with a time separation less than 200 ms. While small 
gradual changes induce the sense of motion as in movies, big differences imply completely 
different subsequent spike trains. As a result, any spike train gets interrupted after a 
duration AT less than the canonical T. 

Whenever we stop the single perceptual task at a time AT shorter than the total 
time T, then the bin stretch T — AT is not explored. This means that all stimuli which 
provide equal spike sequences up to AT and differ afterwards will cover an uncertainty 
region AM. Setting up an uncertainty relation beween the two complementary variables 
AM and AT 

AM • AT = C 

It results [30] C = 620 words x bins. In order to convert C into joules x seconds as Planck 
constant, consider that : (i) 1 bin=3ms; (ii) the minimal perturbation to a word is one 
spike, that requires the energy corresponding to about 10 7 transitions ATP — > ADP+P 
[34] each one taking 0.3 eV; thus we obtain 

C = 620 words ■ bins = 10~ 12 Js = 10 22 h 

Let us apply these numbers to the evaluation of the decoherence time. Considering a 
disturbance given by the Boltzmann factor at room temperature kBT= 25.6 meV, a 
time t = 10~ 14 s is enough to overtake the Planck constant and cancel quantum effects 
[35J. However two main corrections should be made to the above reasoning, namely: 
i) the quantum of action is C = 10 _12 J ■ s ;ii) the elementary disturbance has energy 
0.3 x 10 7 eV = 3 x 10~ 13 J . The resulting decoherence time happens to be 3 sec, just as 
tlg- 

Thus we have learned some new facts,namely: i) the elementary disturbance in the 
brain code has energy 3 x 10~ 13 J, that is, about 10 8 times /cbT; the decoherence time is 
10 14 times that predicted by nave arguments , applicable to free particles but certainly 
not to a spiking network that works by synchronization. 

We conclude with some comments on related approach. An experimental 
investigation by Conte et al[2S] displays evidence of quantum interference when two 
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ambiguous figures are presented with a time separation of 800 msec.. However, it says 
nothing for longer times, leaving open the question whether the quantum effect lasts 
for ever or is confined within a time window, which is in fact the main novelty of our 
presentation. A purely qualitative approach to LGI violation [37] makes no reference 
whatsoever to realistic times slots where the effect should occur. 

The search for quantum effects in human cognitive processes was so far based on 
plausibility arguments. According to Refs.flUj |2"0"1 [2"T] . use of the quantum formalism 
is necessary to explain many transient cognitive endeavors. Our report provides the 
laboratory evidence of a time window within which classical physics fails and a quantum 
description is a possible way to explain cognitive correlations therein. This has nothing 
to do with microscopic physical effects, as naively claimed in some popular accounts of 
cognitive phenomena. 

4. Materials and Methods 

The stimulus presented to the observers was the Necker cube (Fig. la) whereby the 
perceived perspective of the front face of the cube alternates between two different 
options as either facing upward and to the right or downward and to the left. These 
two percepts alternate in time. All visual stimuli were displayed by a 21inc. color 
CRT monitor (Sony GDM-F500 800*600 pixels, refresh rate 100 Hz) and generated by 
a Personal Computer. The experiment was written using the Psychophysics Toolbox 
2.54 extensions [381 ESI HO]- The Necker cube was defined by black lines (0.12 thickness) 
and covered an area of 5° • 5°. Observers watched binocularly the display at a viewing 
distance of 57 cm. The stimulus was displayed at the center of the screen on a mid gray 
background with luminance of 25cd/m 2 . No fixation point was presented, as observers 
were asked to passively inspect the stimulus on the screen, with natural eye movements. 
Subjects viewed for 120 times (N) per condition a sequence of three Necker cubes at 
three different times (t±, t2, £3). Each presentation of the cube had a duration of 0.3 
seconds and was separated from the next presentation by a variable interstimulus interval 
(ISI) with the condition that t 2 — ti = t^ — t 2 . Each sequence was followed by a blank 
interval (no stimulus displayed) of 5 seconds, well above the maximal ISI. For two 
of the three stimuli of the sequence, an acoustic beep was presented to the subjects 
(Fig. lb), signaling that they were asked to report as quickly as possible which of the 
two different percept they had for the present stimulus, pressing "p" on the keyboard 
if they perceived a cube with an upward-right front face or "z" if they perceived a 
downward-left front face. All the fourteen subjects were students of the University 
of Firenze, with normal or corrected to normal vision, nave of the aim of the study. 
Each subject gave a written informed consent to participate, and the experiment was 
done according to the declaration of Helsinki. The ethics committee of the National 
Institute of Optics specifically approved this study. Incidentally, fourteen subject could 
appear a small munber, but in visual psychophysics some important effects were shown 
using only two subjects (e.g. (UJ) also the CIE standard observers (used to calculate 
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the efficiency of lamps) are averages based on experiments with small numbers (around 
15-20) of people [12] ■ The mean switching time, related to C12, has been previously 
measured [^3l PH] . As for the single time correlation C12, a deviation from a purely 
classical statistics, called Quantum Zeno effect, has been reported [15]. It refers to time 
scales below 1 sec, well within the perception regime. Nobody to our knowledge has 
ever tested LGI violations, that is, quantum effects on the time scale corresponding to 
the interplay between different successive perceptions, as done in this report. 
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